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METHOD AND SYSTEM FOR SENSING AND
IDENTIFYING FOREIGN PARTICLES IN A
GASEOUS ENVIRONMENT

ORIGIN OF THE INVENTION

The invention was made in part by employees of the
United States Government and may be manufactured and
used by or for the Government of the United States of
America for governmental purposes without the payment of
any royalties thereon or therefor.

FIELD OF THE INVENTION

This invention relates to particle detection and classifica-
tion. More specifically, the invention is a method and system
for sensing and identifying foreign particles in a gaseous
environment.

DESCRIPTION OF THE RELATED ART

The detection and identification of airborne germs or toxic
chemicals (GTC) is valuable in a variety of medical, military
and commercial situations. Even low levels of GTC ele-
ments in air can be problematic or dangerous. However,
low-level GTC detection/identification is not easily accom-
plished using current state-of-the art technology.

Most GTC detection systems are laboratory scale arrange-
ments of bulky and complex equipment that use some type
of “wet” processing to capture and hold GTC elements
during detection scrutiny. The laboratory scale set-ups are
not easily adapted to “real world” situations where air
samples must be captured and then introduced into the
laboratory set-up without contaminating the air sample.
Furthermore, since current GTC detection systems consume
the sample, the difficult sample collection process may need
to be repeated multiple times.

SUMMARY OF THE INVENTION

Accordingly it is an object of the present invention to
provide a method and system for sensing and identifying
foreign particles (e.g., germs or toxic chemicals) in a gas-
eous environment.

Another object of the present invention is to provide a
method and system for sensing and identifying airborne
foreign particles.

Still another object of the present invention is to provide
a method and system of airborne foreign particle detection/
identification that can be adapted for field use.

Other objects and advantages of the present invention will
become more obvious hereinafter in the specification and
drawings.

In accordance with at least one embodiment of the present
invention, an optical method and system are provided for use
in sensing and identifying a foreign particle in a gaseous
environment. A light source generates light having a known
wavelength. An electrically-conductive sheet has first and
second faces opposing one another with an array of holes
formed through the sheet and extending between the first
and second faces. Each hole has a diameter that is less than
one quarter of the light’s known wavelength. The sheet is
positioned relative to the light source such that the light is
incident on the sheet’s first face. An optical detector is
positioned adjacent the sheet’s second face and is spaced
apart therefrom such that a gaseous environment is adapted
to be disposed therebetween. The optical detector is used to
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monitor a light pattern at the sheet’s second face. Alterations
in the light pattern detected by the optical detector indicate
the presence of a foreign particle in the holes or on or very
near to the sheet’s second face. A laser induced fluorescence
(LIF) signature associated with the foreign particle is indica-
tive of the identity of the foreign particle.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view illustrating the concepts used
in foreign particle sensing and identifying in accordance
with the present invention; and

FIG. 2 is a schematic view of an optical system for
sensing and identifying a foreign particle in a gaseous
environment in accordance with an embodiment of the
present invention.

DETAILED DESCRIPTION OF THE
INVENTION

Prior to describing the methods and system of the present
invention, the optical principles utilized by the present
invention will be explained. In principle, holes in an opaque
metallic sheet or film that are smaller than the wavelength of
a particular light wave do not permit photon transmission
therethrough. Holes in this size range are known as “quan-
tum apertures” (QA). However, it has recently been discov-
ered that holes in a metallic thin-film that are 10 times
smaller than a particular wavelength still allow transmission
of a light wave. See Ebbesen et al., “Extraordinary Optical
Transmission Through Sub-wavelength Hole Arrays,”
Nature, Vol. 391, p. 667-669, February 1998.

The most well-accepted theory as to what happens to light
impinging on a metal thin-film having a QA array is that the
light is making its way through the holes in the form (or with
the assistance) of a “surface plasmon polariton” (SPP). See
Salomon et al., “Near-field Distribution of Optical Trans-
mission of Periodic Subwavelength Holes in a Metal Film,”
Phys. Rev. Lett., Vol. 86, p. 1110-1113, 2001; and Xie et al.,
“Transmission of Light Through Periodic Arrays of Sub-
wavelength Slits in Metallic Hosts,” Optics Express, Vol 14
(No. 14), p. 6400-6413, 2006. Briefly, “surface plasmon”
(SP) is the term given to describe non-radiating electromag-
netic (EM) disturbances arising from the collective move-
ments of electrons at conductor-insulator interfaces. The
plasmons and the photons of light form a composite object
known as a “surface plasmon polariton” where a “polariton”
is a combination of photons and another type of object.
Combining the SPP with a regular arrangement of holes
results in a “polaritonic crystal.” The cooperative effect of
many holes in the polaritonic crystal leads to the creation of
an EM field that is most intense close to or at the location of
the holes.

Another explanation of this optical phenomena is that the
light gets through the holes in the form of an SP “molecule”
(SPM) consisting of two polaritons, one on each side of the
metal film. See Martin-Moreno et al., “Theory of Extraor-
dinary Optical Transmission Through Subwavelength Hole
Arrays”, Phys. Rev. Lett., 86, 1114, 2001. Martin-Moreno et
al. suggest that the two polaritons interact with one another
with exponentially decaying EM fields thereby forming
molecular levels in very much the same way that atomic
electron wave functions interact to form molecular levels in
a diatomic molecule.

Still a third explanation of these optical phenomena is
possible. More specifically, when light is either blocked by
a total reflection beyond a Brewster angle or coupled with
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surface plasmon to develop a polariton wave that may be
directed and confined in a tiny hole, the decaying near-field
EM waves through a tiny hole make a dominant interaction
with the object behind the reflecting plane and hole. In other
words, the surface plasmon or collective behavior of elec-
trons grouped on a metallic film surface is disrupted by the
presence of the object. Accordingly, the emission spectra
conveyed through an object-disturbed polariton wave of
surface plasmon is shifted due to the energy loss of the
polariton wave.

Any one of these three explanations supports the theory
that in the case of a QA array in a metal film, the EM field
is developed at the holes or interacts with the EM field at the
other side of metal film. This near-field optical interaction
and the collective (or ordered) motion of electrons (i.e., the
SPP) through the wall surfaces of the QA array while or after
coupling with photons of light are important factors for these
phenomena. (Such an ordered motion of electrons estab-
lishes electron wave functions through the holes with a
variety of user-adjustable parameters being able to dictate
the behavior of the ordered electrons. Such user-adjustable
parameters include the diameter of the holes, hole-depth,
array period, thin-film material electrical properties, surface
topology of the thin-film, uniformity of the holes, and
thin-film substrates.) If the ordered state of electrons corre-
sponding to the photons of impinging light waves is altered
by the presence of a disruptive object, the transmitted light
wave through the QA array can be spectrally shifted,
switched off/on, or dimmed depending on the size and/or
position of the object.

Referring now to FIG. 1, the above-described optical
principles are applied in the sensing and identifying of
foreign particles in a gaseous medium. For example, the
foreign particles could be germs or toxic chemicals (GTC)
and the gaseous medium could be air. However, it is to be
understood that the nature of the foreign particles or gaseous
medium are not limitations of the present invention.

As shown, in FIG. 1, an electrically-conductive sheet
(e.g., a metallic thin-film) 10 is positioned such that laser
light or white light (indicated by arrow 100) is incident on
a surface 10A of sheet 10. As will be explained further
below, laser light is preferred when using the present inven-
tion to sense and identify foreign particles. Sheet 10 has a
regularly shaped pattern or array of holes 12 formed there-
through. That is, holes 12 extend from surface 10A of sheet
10 all the way through to opposing surface 10B of sheet 10.
While the hole pattern and shape may vary, typically, holes
12 are circular in cross-section, identical in size, and regu-
larly arranged on an x-y plane with a spacing between the
holes greater than 0.5 the diameter of the holes. In the
present invention, the diameter of each hole 12 must be less
than one quarter of the wavelength of light 100. By con-
trolling hole size in this way, transmission of light 100
through sheet 10 (via holes 12) is governed by the above-
described SPP. The SPP is illustrated by the circular array of
electrons 102 around each hole 12 and the light transmission
pattern indicated by arrows 104. In FIG. 1, it is assumed that
no foreign particles are present in a gaseous medium 200
adjacent surface 10B of sheet 10. Accordingly, light trans-
mission through sheet 10 is said to be caused by an undis-
turbed SPP where the light wave transmitted through the
array of holes 12 maintains the same wavelength at the exit
plane (i.e., surface 10B) without spectral or diffraction shift.
Since holes 12 are provided in a regularly-shaped pattern or
array, the resulting undisturbed SPP generated at surface
10B is regularly-shaped. Detection and monitoring of the
undisturbed SPP pattern can be accomplished in a macro-
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scopic sense by monitoring light pattern 104 with an optical
detection system 14 such as a charge coupled device (CCD)
as will be explained later below.

The macroscopically detected/monitored undisturbed SPP
pattern serves as a benchmark comparison during the sens-
ing and identifying of foreign particles in accordance with
the present invention. More specifically, when a foreign
particle (not shown) that is larger than holes 12 lands on
surface 10B (or is suspended very close thereto), the gen-
erated SPP pattern is disturbed/altered in some way, e.g.,
partially blacked out, dimmed, or spectrally shifted. Thus, a
detected disturbance in the SPP pattern indicates the pres-
ence of a foreign particle. A disturbance or alteration in the
generated SPP pattern can also occur even when the foreign
particles are smaller than the diameter of holes 12 such that
they become trapped within holes 12. In such a case, the
resulting light wave disturbance is analogous to an electro-
magnetic waveguide that has a foreign object within the
waveguide.

Referring now to FIG. 2, the above-described principles
are incorporated into an optical system 50 for identifying a
foreign particle in a gaseous environment. Optical system 50
includes:

a light source 52 for generating laser or white light 100,

a light transmissive (i.e., at least transmissive with respect

to the wavelength of light 100) substrate 54,

an electrically-conductive metallic thin-film 56 having an

array of holes 58 formed therethrough,

an optical detector 60 spaced apart from thin-film 56,

a processor 62 coupled to optical detector 60 to receive

the output therefrom, and

a database 64 coupled to or integrated with processor 62.

Light source 52 is any source capable of producing laser
or white light 100 that will pass through substrate 54 before
being incident on thin-film 56. White light can be used when
only the detection of foreign particles is required whereas
laser light is used when the foreign particles must be
detected and identified as will be explained further below.

Thin-film 56 is typically first developed on an optically
transparent substrate 54 with the array of holes 58 and any
desired thin-film surface topology being subsequently
formed using fabrication processing well known in the art.
Substrate 54 provides structural support for thin-film 56
while being optically transmissive to at least light 100. A
suitable and readily-available material for substrate 54 is
quartz glass as it has a broad spectrum of light transmission.
Thin-film 56 and holes 58 must satisfy the requirements set
forth herein above, i.e., holes 58 have diameters that are less
than one quarter the wavelength of light 100.

Optical detector 60 is any device/system capable of
detecting the emission associated with the SPP pattern that
will be generated by light 100 as it impinges on thin-film 56
having an array of holes 58. For example, optical detector 60
can be a CCD array covering the area defined by the array
otf'holes 58. The resolution of optical detector 60 will depend
on the size of a potential foreign particle of interest.

A foreign particle of interest 300 within air 200 will be
detected by system 50 when landing on thin-film 56, i.e.,
particle 300 is at least larger than one of holes 58. As a result
of the presence of particle 300 on thin-film 56, electrons 102
and the resulting transmitted light pattern 104 (i.e., indica-
tive of the SPP emission on a macroscopic level) are
disturbed in the region around particle 300 as illustrated. As
mentioned above, disturbances in the SPP pattern can also be
caused by foreign particles that are small enough to fit within
holes 58 such that they are trapped therein. Note that if the
size of the foreign particle is very small relative to the hole
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diameter, the disruptive effect is diminished. Additionally, as
also mentioned above, foreign particles suspended very
close to the thin-film 56 can also influence, or disturb the
SPP pattern. In all of these cases, detection of foreign
particle 300 can be accomplished by monitoring light pattern
104 using optical detector 60/processor 62. More specifi-
cally, processor 62 compares the monitored light pattern 104
with the undisturbed benchmark light pattern 104 (FIG. 1) in
order to detect the presence of particle 300.

When light 100 is laser light, the actual light transmitted
through thin-film 56 can also induce fluorescence from
particle 300 as the photon energy absorbed by particle 300
causes a level transition of quantum structure. This level
transition causes a fluorescent transmission (i.e., laser
induced fluorescence or “LIF”) from particle 300. As is
known in the art, the LIF of a material is a spectral signature
that can identify the material. Accordingly, database 64 can
be used to store a variety of spectroscopy measurement
results for types of foreign particles of interest. Since the LIF
signature can be used to identity particle 300, in at least one
embodiment, optical detector 60 will include the means
(e.g., a spectrometer) for measuring the LIF signature asso-
ciated with particle 300.

The advantages of the present invention are numerous.
Airborne foreign particle (e.g., GTC) detection and identi-
fication can be accomplished quickly and easily in the field.
The issues associated with sample collection and sample
destruction are virtually eliminated. The present invention
can be readily adapted for sensitivity to a variety of types of
foreign particles by providing different quantum aperture
arrays, where typical parameters that can be adjusted include
diameter of the holes, hole depth, spacing between the holes,
surface topology of the thin-film (e.g., especially around the
holes), thin-film electrical properties, and the substrate mate-
rial supporting the thin-film.

Although the invention has been described relative to a
specific embodiment thereof, there are numerous variations
and modifications that will be readily apparent to those
skilled in the art in light of the above teachings. For
example, it may be desirable to make optical detector 60
movable with respect to thin-film 56 so that detector 60 does
not block or otherwise prevent foreign particles from land-
ing on thin-film 56. That is, optical detector 60 could be
coupled to some sort of actuator that positioned detector 60
over thin-film 56 at measurement times. Additional thin-
films 56 could also be provided so that there would always
be at least one thin-film 56 exposed to the gaseous environ-
ment even while optical detector 60 was making measure-
ments. Still further, a single thin-film could have multiple
arrays of holes formed therethrough with the thin-film being
movable so that a particular array of holes could be aligned
with an optical detector. Each array of holes could be
identically configured or uniquely configured to suit a par-
ticular application. It is therefore to be understood that,
within the scope of the appended claims, the invention may
be practiced other than as specifically described.

What is claimed as new and desired to be secured by
Letters Patent of the United States is:

1. An optical system for use in sensing and identifying a
foreign particle in a gaseous environment, comprising:

a light source for generating light having a known wave-

length;

an electrically-conductive opaque sheet having first and

second faces opposing one another with an array of
holes formed through said sheet and extending between
said first and second faces, each of said holes having a
diameter that is less than one quarter of said known
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wavelength, said sheet positioned relative to said light
source such that said light is incident on said first face;
and

optical detection means positioned adjacent said second

face and spaced apart therefrom such that a gaseous
environment is adapted to be disposed therebetween,
said optical detection means detecting a light pattern at
said second face when said light is incident on said first
face, wherein alterations in said light pattern are indica-
tive of the presence of a foreign particle between said
first face and said optical detection means.

2. An optical system as in claim 1 wherein said light
source comprises a laser, and wherein a laser induced
fluorescence (LIF) signature associated with the foreign
particle is indicative of the identity of the foreign particle.

3. An optical system as in claim 1 further comprising a
light transmissive substrate coupled to said sheet.

4. An optical system as in claim 3 wherein said light
transmissive substrate comprises quartz glass.

5. An optical system as in claim 2 wherein said optical
detection means comprises:

a charge coupled device (CCD) array for detecting said

light pattern; and

a spectrometer for measuring said LIF signature.

6. An optical system as in claim 1 wherein said sheet
defines a plane and said light is incident on said first face at
a substantially perpendicular angle to the plane of said sheet.

7. An optical system as in claim 1 wherein:

said holes are identically-sized; and

said sheet has a substantially uniform thickness and

defines a plane.

8. An optical system for sensing and identifying a foreign
particle in a gaseous environment, comprising:

a light source for generating light having a known wave-

length;

an electrically-conductive opaque sheet which has a sub-

stantially uniform thickness having first and second
faces opposing one another with an array of holes
formed through said sheet and extending between said
first and second faces, each of said holes having a
diameter that is less than one quarter of said known
wavelength, said sheet defining a plane and positioned
relative to said light source such that said light is
incident on said first face at a substantially perpendicu-
lar angle to the plane of said sheet;

optical detection means positioned adjacent said second

face and spaced apart therefrom such that a gaseous
environment is adapted to be disposed therebetween,
said optical detection means detecting a light pattern at
said second face when said light is incident on said first
face, wherein alterations in said light pattern are indica-
tive of the presence of a foreign particle between said
first face and said optical detection means.

9. An optical system as in claim 8 wherein:

said light source comprises a laser,

said optical detection means further measures a laser

induced fluorescence (LIF) signature associated with
the foreign particle; and

said optical system further comprises processing means

coupled to said optical detection means for identifying
the foreign particle using said LIF signature.

10. An optical system as in claim 8 further comprising a
light transmissive substrate coupled to said sheet.

11. An optical system as in claim 10 wherein said light
transmissive substrate comprises quartz glass.

12. An optical system as in claim 9 wherein said optical
detection means comprises:
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a charge coupled device (CCD) array for detecting said
light pattern; and

a spectrometer for measuring said LIF signature.

13. An optical system as in claim 9 wherein said process-
ing means includes a database of known LIF signatures with
which said LIF signature of the foreign particle is compared.

14. An optical system according to claim 8 wherein said
holes are identically-sized.

15. An optical system for sensing and identifying a
foreign particle in a gaseous environment comprising:

a laser for generating laser light having a known wave-

length;

a substrate that is transmissive with respect to said laser
light;

a metallic thin-film having first and second faces opposing
one another with said first face being coupled to said
substrate, said metallic thin-film having an array of
identically-sized holes formed therethrough and
extending between said first and second faces thereof,
each of said holes having a diameter that is less than
one quarter of said known wavelength, said metallic
thin-film positioned relative to said laser such that said
laser light is incident on said first face after passing
through said substrate;

optical detection means positioned adjacent said second
face and spaced apart therefrom such that a gaseous
environment is adapted to be disposed therebetween,
said optical detection means detecting a light pattern at
said second face when said light is incident on said first
face, wherein alterations in said light pattern are indica-
tive of the presence of a foreign particle between said
first face and said optical detection means, said optical
detection means further measuring a laser induced
fluorescence (LIF) signature associated with the for-
eign particle; and

processing means coupled to said optical detection means
for identifying the foreign particle using said LIF
signature.

16. An optical system as in claim 15 wherein said sub-

strate comprises quartz glass.

17. An optical system as in claim 15 wherein said optical
detection means comprises:

a charge coupled device (CCD) array for detecting said

light pattern; and

a spectrometer for measuring said LIF signature.

18. An optical system as in claim 15 wherein said pro-
cessing means includes a database of known LIF signatures
with which said LIF signature of the foreign particle is
compared.

19. An optical system as in claim 15 wherein said metallic
thin-film defines a plane and said laser light is incident on
said first face at a substantially perpendicular angle to the
plane of said sheet.

20. An optical system as in claim 15 wherein said metallic
thin-film has a substantially uniform thickness which defines
a plane.
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21. A method of sensing and identifying a foreign particle
in a gaseous environment, comprising:

generating light having a known wavelength;

providing an electrically-conductive opaque sheet having

first and second faces opposing one another with an
array of holes formed through said sheet and extending
between said first and second faces, each of said holes
having a diameter that is less than one quarter of said
known wavelength, said sheet positioned such that said
light is incident on said first face;

detecting a light pattern at said second face when said

light is incident on said first face, wherein alterations in
said light pattern are indicative of the presence of a
foreign particle between said first face and said optical
detection means.

22. A method according to claim 21 wherein said light is
laser light, and said method further comprises detecting a
laser induced fluorescence (LIF) signature associated with
the foreign particle wherein said LIF signature is indicative
of the identity of the foreign particle.

23. A method according to claim 21 wherein said sheet
defines a plane; and further comprising the step of position-
ing said sheet so that the light is incident on said first face
at a substantially perpendicular angle to the plane of said
sheet.

24. A method according to claim 21 wherein:

said holes are identically-sized; and

said sheet has a substantially uniform thickness defining

a plane.

25. A method of sensing and identifying a foreign particle
in a gaseous environment, comprising:

providing a metallic thin-film having a quantum aperture

array formed therethrough;

generating light having a known wavelength;

positioning the thin-film in the light such that a surface

plasmon polariton (SPP) is generated at a face of the
thin-film;

monitoring an emission pattern of the SPP wherein a

disturbance in the emission pattern is indicative of the
presence of a foreign particle.

26. A method according to claim 25 wherein said light is
laser light, and said method further comprises measuring a
laser induced fluorescence (LIF) signature associated with
the foreign particle wherein said LIF signature is indicative
of the identity of the foreign particle.

27. A method according to claim 25 wherein:

said thin-film defines a plane; and

said positioning step comprises positioning said thin-film

so that the light is incident on said metallic thin-film at
a substantially perpendicular angle to the plane.

28. A method according to claim 25 wherein:

said apertures are identically-sized; and

said thin-film has a substantially uniform thickness which

defines a plane.



